ABSTRACT: Development of new electrodes is the key element for the improvement of the high rate Resistive Plate Chambers (RPC). In the particular case of resistive electrodes, the fabrication of these devices is a challenging problem from a material science point of view. The combination of resistivity, permittivity and stability requirements is really hard to satisfy for any known material. Respecting this, several materials have been found to be suitable for fabrication of resistive plates. In this work, we have carried out electrical characterizations of some of these materials that are currently used in RPCs or are solid candidates to be used as resistive plates for high rate RPCs. As a result, we have found strong evidences that ion conduction processes under moderate to high electric fields are able to drift high amounts of charge which are crucial to understand the degradation nature of the involved processes.
Introduction
RPCs belong to the family of Parallel Plate ionizing gas detectors. Other well-known members of the family are the PPCs (Parallel Plate Chambers), with two metallic electrodes, and PMCs (Parallel Mesh Chambers), with multiple wire-mesh electrodes. The main difference and the key evolution issue over their relatives is that electrodes are not metallic materials but resistive plates. These specific electrodes allow the detector to work in sparkles operation mode. In this mode, discharge is quenched at an earlier stage, so the affected area is reduced. Furthermore, a smaller amount of charge per event also protects the electronics readout at the cost of amplifiers with greater gain. Besides dealing with smaller signals, another drawback of this RPCs operation mode is its dramatic counting rate limitation. For instance, the minimum ionizing particles (MIPs) rate capability of float glass RPCs at room temperature is limited to 2 kHz/cm 2 [1] .
In nuclear and particle physics or astrophysics experiments RPCs have been widely used because of their versatility. Furthermore, their use in medical devices, as in Positron Emission Tomography (PETs), has also been foreseen in the near future [2] . Eventually, rate capability issues requiring the warming up of the glass electrodes [3] to achieve the needed rate capability are also feasible.
RPCs rate capability is mainly limited by the plate resistivity, which determines the efficiency decrease due to the electric field falling over the gas gap. In this regard, the most straightforward procedure for improving the rate capability or to speed up the charge drift is to employ relative low resistive electrodes. According to the so-called "DC model" for RPCs [4] , rate capability is inversely proportional to the product of the plate resistivity times its thickness. Therefore, in order to improve the rate capability keeping the same plate thickness, conductivity needs to be notably increased. [5] [6] . The transition width is so thin, that, in practice, is really hard to obtain materials with intermediate resistivity values. Materials with the appropriated values of resistivity are known as static-dissipative or lossy materials, are quite uncommon and most of the times they have to be specially designed to fulfil the requirements. In addition to the above mentioned electric properties, high rate RPCs resistive plates should present long term stability. This requirement is crucial when dealing with RPCs assembled in large detectors. These devices hold a massive charge drift during long time periods. Furthermore, besides resistivity, other properties, as permittivity, dielectric strength (breakdown field) or current stability have to be considered. For instance, the charge that will pass through the RPC TOF at the CBM experiment [7] at FAIR, along the expected 5 years lifetime is around 1C/cm 2 . This value, which is usually taken as a benchmark reference for aging tests, is definitely a large amount of charge, and can easily damage the plate material.
Experimental setup
The materials considered as resistive plates appear in table 1. Some of them have already been used in RPCs, both for low and high rate applications. Besides, two new materials designed for high rate have been added. The first one is a ceramic/metal composite (labelled as Mullite/Mo) and the second is a ceramic/oxide composite. Details about preparation of both types of composites can be found in [8] . Results of the analysis about resistivity and charge depletion properties are presented for several resistive plates materials. Moreover, a model has been developed showing the ionic conductivity component and the current dependence with electric field and time. Detectors were tested in controlled temperature and gas environments. The experimental setup can be seen in figure 1 . In order to check the RPC's stability under an applied electric field, measurements of the relevant magnitudes were taken for extended time periods. Also, to achieve a meaningful amount of charge transferred keeping the experiments within a reasonable time span, the materials were conveniently polished to a very thin thickness (<100 m) and the temperature was increased when needed. All the measurements were taken inside a Faraday cage to screen external electromagnetic interferences. Gas environment was under control, keeping N 2 steadily flowing inside the box to avoid external charge carriers additions, as O 2 or humidity. Temperature values were acquired regularly by a PT100 thermoresistance in near contact to the sample and regulated by a Peltier cell controlled by computer. Different magnitudes of electric field were applied to the resistive plates by the electrometer itself (Keithley 6517A) using painted silver as electrodes. Permittivity values were measured by an Agilent LCR 4284A impedance analyzer instead of the electrometer. 
Results and discussion
In this work, different electric measurements have been carried out on five different materials which currently are or could be used as ressistive plates. In most of the experiments we have kept constant the electric field vs time, neglecting transitorial relaxation. This regime can be considered as DC (Direct Current) from the conductivity point of view (let's note that DC conductivity regime is a different concept as the "DC-model" presented in reference [4] ). Permittivity measurements have been the only exception. Actually, AC (Alternate Current) complex impedance measurements were performed on all the samples from 20 to 1 MHz.
Resistive Electrodes Permittivity
Besides resistivity, permittivity plays a remarkable role in the electromagnetic field distribution between resistive plates and gas gaps. Actually, the conduction processes associated to ionization phenomena develop in a broad time. In this AC regime, the impedance is given by its complex expression where the capacitive term is preponderant at higher frequencies. Therefore, dielectric discontinuities in the detector could substantially modify the field distributions. In this sense, dielectric constant values of classic RPC plate materials, Bakelite and SLS Glass, are very low and similar, so the permittivity value has usually been ignored. But when dealing with high rate RPCs, it is necessary to keep in mind that permittivity of the resistive plates has a strong influence at three remarkable points corresponding to the detector behavior: 1) Gas gap electric field recovery time. This magnitude is linked with the relaxation time,  = R•C (Resistance times Capacity), i.e. the required time to dissipate the capacitor stored charge.
2)
Resistive electrode stored energy. It is clear that lower values are safer for the electronics front end, as well as the material. Because the energy is proportional to the resistive electrode capacity, permittivity should be kept as small as possible.
3)
Oppositely to the former point, continuity of the electric field displacement at the plate/gas interface induces an additional consideration. For a properly designed RPC, it is required that most of the voltage will drop into the gas gap. In this sense the condition of the electric displacement continuity states [9] :
where ε is the permittivity and E the electric field for the gas gap (g) and the resistive plate (p). Therefore, the bigger the inequality of ε p > ε g , the higher the voltage drop in the gap. As a result of these three considerations it is not obvious to determine which the optimal permittivity plate values are. In Figure 2 the permittivity vs frequency has been plotted for three materials employed as resistive electrodes (SLS Glass, LRS Glass and Bakelite) and two ceramic composites with conductivity values tailored to the high rate RPC specifications (Ferrite composites and Mu/Mo cermet). For the first case, all the materials have relative permittivity values around  r~1 0 at higher frequencies while new composites exhibit moderately larger values. For all the tested working RPC plates, SLS Glass, Bakelite and LR S Glass permittivity frequency dependence can be associated to relaxation processes, probably due to some blocking resistance. However it is not clear if this process is due to an electrode blocking, as it happens in ion conducting processes, or to a grain boundary resistance due to a thin insulating layer covering the conductive phase in a composite.
In any case, all dielectric constant are of the same order of magnitude, therefore, it is not expected that differences in permittivity of the selected samples will play a main role in the electric response of resistivity plates.
Conductivity mechanism
In order to determine the conductivity mechanism for each material, conductivity measurements vs. applied field and temperature were carried out in the previously described experimental setup. For sake of conciseness, only data corresponding to LR S Glass have been plotted in figure 3 . Several conduction models have been tried to fit on these data, but only ion conduction model under strong fields [10] or faradaic current seem to fit data of figure 3. The current density definition given by:
J nq 
(1) where n is the number of carriers per unit of volume, q is the ion charge and μ is the mobility, or the velocity attained by these ions within an electric field. The average drift velocity of an ion affected by a high electric field is given by:
where l is the so called jump length, ν 0 is the oscillation frequency of the ion in the potential well (~10 13 s -1 ), W is the potential barrier and E is the "microscopic" electric field seen by the ions. Finally, the current density, J, can be written as a function of the applied electric field as:
According to this law, the current density has a linear dependence on E at low electric fields and follows an E 3 tendency with increasing values of E. 10 Ω m. This is a material currently used for low rate RPC plates, and its resistivity is, at least, two orders of magnitude larger than those designed for high rate RPCs. It is also interesting to observe that the mean free length of the mullite/Mo plate is significantly higher (10 -7 m) than for the rest of materials. This is a well-known effect caused by the amplification of the electric field that appears in metal/insulator composites being close to the percolation threshold [11] . Table 2 : Results of the fitting of the ionic current model referenced in the text to different materials; both resistivity (ρ) and mean free length (l) have been derived from the function coefficients, C 1 and (1.01 ± 0.08)·10 -7
Ionic aging model
Ion conduction in DC regime (faradaic current) could present blocking process when the employed electrodes hinder ion diffusion mechanisms. In the herewith considered glassy systems, one can assume that alkaline or alkaline earth cations can diffuse along the silicate framework under strong electric fields. However, once these carriers reach the copper, silver, gold or platinum electrode, electrochemical reactions take place and cations precipitate in the neighbourhood of the cathode. Therefore, one can expect charge depletion process in these materials for large time periods under strong electric fields. In this sense, we performed aging experiments for different materials and we have analysed the results assuming the following statements:
1) RPC plates could have small but measurable ion conductivity with blocking electrodes, so ions move to the corresponding electrode when a DC current is applied. 2) When a carrier reaches the electrode it is blocked there. In any case, all carriers arriving at the interface do not further participate in the ion conduction process. Then, the carrier density loss is related to the faradaic current through equation:
Where d is the sample thickness. In case of low to moderate electric field, J can be approximated as Eq. (3).
According to the results in Figure 5 , the dependence of the mean free path with the time has been explicitly introduced, while the remaining terms are assumed to remain constant. As the variation of l(t) is expected not to be very high (~25% for 1 month, for SLS glass) the following second degree polynomial time dependence has been added:
Where parameter  n is related to the carrier leakage rate and  l to the matrix deformation rate. and table 3 shows the values of the fitted parameters; in general, there is a good agreement between data and model. Larger values of  n stand for longer times to lose conductivity due to the charge drift. For instance, SLS Glass looks to be a very poor candidate for long life high rate RPCs. On the other hand, LRS Glass has a poor agreement with the model (uncertainties are very high), since that the loss of conductivity is mainly not ionic. It is well know that Bakelite is a water molecules H+ ionic conductor [12] . Consequently, Bakelite in a water vapour free environment, presents charge depletion behaviour at 1 mC/cm 2 .
Identically, SLS Glass run out of Na+ [13] cations at 100 mC/cm 2 , while LR S Glass at T=75ºC extinguishes its charge carrier ions a 1000 mC/cm 2 .
The case of the LR S Glass is not as simple as the ordinary SLS glass. It should be noted how for T=28ºC, charge depletion process has disappeared. On the other hand, LRS Glass presents a poor agreement with the J(E) model ( figure 5 ). This case is very remarkable; we attribute this fact to a mixed ionic-electronic conduction mechanism for this material. In this sense, all the electronically transferred charge will not be depleted and consequently the proposed model will not fit so fine to this material. An important consequence is that all materials presenting a high amount of electron conductivity will exhibit a notable stability for long operating times.
As well as LR S Glass at T=28ºC, Mullite/Mo, and Ferrite/Ceramic doesn't show any charge depletion phenomena, probably related to an electronic conduction mechanism. However an electronic conduction process does not guarantee the desired resistivity stability for longer times under strong applied fields. Besides the conductivity degradation, atomic framework can be damaged too by the effect of cation migration [14] [15], as it is the case of Mullite/Mo composites, which present sudden dielectric breakdown processes.
It is also remarkable to note that ferrite ceramic doesn't show any resistivity rise even after have delivered 22000 mC/cm2, so ferrite ceramic and LRS glass (for temperatures not higher than T=28ºC) are good candidates to be used as resistive electrode in high rate RPCs long run detectors.
Conclusions
A systematic electric characterization (AC complex impedance vs. frequency, DC conductivity vs. temperature, field and time) has revealed to be essential to determine the viability of any material for the fabrication of high rate RPC plates. Additionally, a detailed analysis of data acquired in the electrical measurement cell is able to identify the undergoing conduction mechanisms. In the case of low rate RPC materials (conventional glasses and Bakelite), charge is assumed to be carried by ions. Therefore, the response of electric current vs. the electric field for these materials was successfully fit to a conventional DC ion conduction mechanism. While these materials can work in a low rate RPC plate for very long time without any serious degradation, in the case of a high rate RPC, charge diffusion process may cause a depletion phenomenon, and therefore, a strong time dependant resistivity degradation of the material will appear. In this work we have experimentally proved the mentioned ionic aging. Because the ultimate cause of the charge depletion process is the presence of blocking electrodes, we have concluded that electron conductive materials do not suffer from resistivity aging. Therefore we propose to employ materials with a large contribution of DC electron conductivity for high rate RPC plates.
